Aims Ventricular interactions may be mediated by loading conditions and biventricular timing and coordination. We sought to understand the relationships between right (RV) and left ventricular (LV) function and dyssynchrony, examine the RV correlates of LV dyssynchrony, and determine whether improved loading conditions affect inter-ventricular interaction.
Introduction
With the development of cardiac resynchronization therapy (CRT) for left ventricular (LV) failure, there has been greater interest in the assessment of ventricular dyssynchrony. A substantial proportion of heart failure patients with a prolonged QRS duration, and even those with normal conduction, may exhibit ventricular dyssynchrony. 1 As the QRS complex duration is not the sole determinant of systolic dyssynchrony, accurate assessment of ventricular dyssynchrony may be more important than QRS duration alone in selecting patients for cardiac resynchronization treatment. 2 The mechanisms of dyssynchrony remain poorly understood in patients with heart failure with normal ejection fraction (HFNEF), and ventricular interaction may be important.
The available methods for measuring ventricular dyssynchrony include specialized echocardiographic software, 3 nuclear scintigraphic imaging, magnetic resonance imaging, 4 and invasive pressure-conductance catheter measurements. 5 Current echocardiographic techniques are labour-intensive and are not in widespread use due to the need to acquire specialized software and training. 3, 6 Magnetic resonance imaging is limited by time and cost constraints as well as inability to use this methodology in patients with implanted devices. Although invasive pressure-conductance analysis is not practical for serial or routine clinical use, it is a good experimental tool that provides additional information about bi-ventricular loading conditions.
In patients with LV failure, right ventricular (RV) dysfunction is an independent predictor of an adverse prognosis. 7 Physiologic RV dysfunction may be a direct consequence of LV dysfunction. This association is mediated largely by the septum, but also by LV free wall. 8 Therefore, one may expect that tricuspid annular displacement is influenced by LV function, particularly as the septum shortens in the long-axis vector.
The evaluation of tricuspid annular plane systolic excursion (TAPSE) using Doppler tissue echocardiographic imaging provides a simple, rapid, quantitative, and noninvasive tool for assessing the RV systolic function in patients with heart failure. 9, 10 There is a direct correlation between TAPSE and RV ejection fraction as assessed by radionuclide angiography. 11, 12 The approach is reproducible, and has been shown to be a strong predictor of prognosis in heart failure. 13 In large CRT trials, 20-30% of patients did not respond clinically. In addition, there may be patients with a normal QRS duration and significant dyssynchrony who may be candidates for CRT. Moreover, a readily available echocardiographic measure of ventricular dyssynchrony would be clinically useful. We hypothesized that RV and LV interaction contributes to dyssynchrony. To test this hypothesis, we invasively examined bi-ventricular loading conditions by measuring RV and LV pressure-volume haemodynamics, RV and LV intra-ventricular dyssynchrony, and echocardiographic parameters at baseline and acutely after vasodilator therapy with nesiritide, a recombinant B-type natriuretic peptide (BNP). We evaluated the echocardiographic parameters of RV function to determine whether they were predictive of LV dyssynchrony.
Methods

Study participants
This was a prospective cohort study that enrolled adults with heart failure referred for right and left heart catheterization and coronary angiography. All patients had a clinical history of symptomatic heart failure diagnosed by an experienced clinical cardiologist. Patients were required to have either HFREF [left ventricular ejection fraction (LVEF) , 40%] or HFNEF (LVEF ! 50%). Specifically, patients with LVEF 40-49% were excluded from the study. Additional exclusion criteria included age ,18 years old, systolic blood pressure ,95 mmHg, heart rate ,50 bpm, intravenous vasopressor, inotropic, or vasodilator pharmacotherapy, cardiac rhythm other than a sinus or paced atrial rhythm, severe stenotic valvular disease, complex congenital heart disease, hypertrophic or obstructive cardiomyopathy, constrictive pericarditis, severe pre-capillary pulmonary hypertension, and mechanical ventilation. All patients gave written informed consent prior to the procedure, and the protocol was approved by the Committee on Human Research.
Study procedures
Right and left heart catheterization and coronary angiography were performed. Transthoracic echocardiography was performed for the assessment of RV and LV function. A four-French high-fidelity micromanometer pressure-volume conductance pigtail catheter (CD Leycom/CardioDynamics BV, Zoetermeer, Netherlands) was advanced to the right and left ventricles through a 6F guiding catheter for invasive pressure-volume measurements. All patients received 2 L/min of nasal cannula oxygen throughout the study period, and the level of conscious sedation was continued at a steady level throughout the study period.
Nesiritide (Natrecor w , Scios Inc., Mountain View, CA, USA; 2 mg/kg IV bolus followed by 0.01 mg/kg/min) was infused via a peripheral IV for 30 min.
At 30 min, echocardiography, right and left heart catheterization, and invasive bi-ventricular haemodynamics using the pressurevolume catheter were repeated.
Invasive pressure-volume ventricular haemodynamics
The four-French pressure-volume catheter has one solid-state micromanometer pressure sensor, 12 electrodes with 6 mm spacing, and measures volume from seven segments. Under fluoroscopic guidance, the catheter was advanced to the ventricular apex. Volume segments that were not in the ventricle were not included in the analyses. Measurements from this catheter were recorded using the Leycom CFL 512 for off-line analysis of cardiac function using the Conduct NT software (version 2.8, CD Leycom/ CardioDynamics BV, Zoetermeer, Netherlands).
At each time-point, a segmental signal was defined as dyssynchronous if its change (i.e. dV seg /dt) was opposite to the simultaneous change in the total ventricular volume (dV/dt). Segmental dyssynchrony is quantified by calculating the percentage of time within the cardiac cycle, i.e. dyssynchronous. Overall ventricular dyssynchrony was calculated as the mean of the segmental dyssynchronies.
14 Dyssynchrony was recorded both during the systolic and diastolic periods. In the right and left ventricles, end-diastolic pressure and maximal þdP/dt were recorded.
Echocardiography
Transthoracic echocardiography was performed at baseline and 30 min after beginning the nesiritide infusion (Acuson Sequoia, Siemens, Malvern, PA, USA). Echocardiographic contrast (Optison w , Amersham, Little Chalfont, UK; 0.3-0.5 mL injected into a peripheral vein) was administered, when required, to improve endocardial border detection and enhance Doppler signals. Echocardiographic data were stored on magneto-optical disks and analysed off-line by a single experienced reader.
RV end-diastolic area and RV end-systolic area were calculated from the apical four-chamber view, and the calculation of RV fractional area change (FACRV) used to determine global RV systolic function was performed using the following formula: FACRV ¼ [(RV end-diastolic area 2 RV end-systolic area)/RV end-diastolic area] Â 100%. RV fractional shortening was calculated as (RVIDed2 RVIDes)/RVIDed, where ed and es are the RV internal diameters at end-diastole and end-systole from the apical four-chamber view, respectively. LV ejection fraction calculations were done using the biplane Simpson's rule algorithm, and the following formula was used: LV ejection fraction ¼ [(LV end-diastolic volume2LV endsystolic volume)/LV end-diastolic volume] Â 100%. LV end-diastolic volume and LV end-systolic volume were traced from the apical fourchamber and apical two-chamber views in accordance with published data. The Tei myocardial performance index was calculated as the sum of isovolumetric contraction and relaxation times divided by the ventricular ejection time. The sum of RV isovolumetric contraction time and isovolumetric relaxation time was obtained by subtracting ventricular ejection time from the interval between cessation and onset of the tricuspid inflow velocities with pulsed-wave Doppler echocardiography.
To determine TAPSE, the M-mode cursor was oriented to the junction of the tricuspid valve plane with the RV free wall using the apical four-chamber view. 15 The echoes generated were received and registered as motion of the RV base. Maximal TAPSE was determined by the total excursion of the tricuspid annulus from its highest position after atrial ascent to the peak descent during ventricular systole, as measured from the apical four-chamber view. All annular M-mode images were obtained at the end of expiration to minimize changes in the longitudinal movement of the tricuspid plane; to improve reproducibility, we used data from !3 beats in each patient.
Statistical analysis
Data are presented as mean values and standard deviations for continuous variables. Differences between baseline and nesiritide treatment values were assessed using a paired two-tailed Student's t-test for paired observations or repeated-measures ANOVA where appropriate. Differences between those with reduced EF vs. normal EF were performed with x 2 and unpaired t-tests for dichotomous and continuous variables, respectively. Linear regression modelling was performed to identify independent predictors of LV dyssynchrony. Ventricular dyssynchrony was dichotomized at the median value. Two-tailed probability (P) values ,0.05 were considered significant. All analyses were performed using STATA version 9.2 (StataCorp., College Station, TX, USA).
Results
Demographic and clinical characteristics
Of the 25 patients enrolled, 15 had reduced LVEF while 10 had normal LVEF ( Table 1) . Those with reduced LVEF had a higher prevalence of prior myocardial infarction and a lower prevalence of hypertension. Renal dysfunction tended to be worse in those with HFNEF. BNP levels were comparable in both groups.
Echocardiographic characteristics
Patients with reduced LVEF had significantly larger LV volumes compared to those with normal LVEF ( Table 2) . RV ejection fraction, volume, fractional shortening, and fractional area change were similar between these two groups. TAPSE was significantly lower for those with reduced LVEF.
Invasive measures of ventricular function
Those with reduced LVEF had significantly greater LV dyssynchrony compared to those with normal LVEF ( Table 2) . LV end-diastolic pressure was elevated in both groups. While LV maximal positive dP/dt tended to be lower in those with reduced LVEF, there was no difference in RV dP/dt or dyssynchrony between the two groups.
TAPSE and dyssynchrony
Linear regression analysis showed that for each 1 cm decrease in TAPSE, there was an absolute 5.6% increase in LV dyssynchrony (P , 0.001). Multivariable linear regression controlling for left and RV ejection fraction showed that TAPSE and LV dyssynchrony were independently associated (P ¼ 0.008). The correlation coefficients for TAPSE and LVEF, þdP/dT, and LV dyssynchrony were r ¼ 0.35 (P ¼ 0.02), r ¼ 0.24 (P ¼ 0.11), and r ¼ 20.52 (P ¼ 0.0002), respectively (Table 3; Figure 1) . TAPSE had the highest correlation with LV dyssynchrony compared to other RV echocardiographic parameters including RVEF, fractional shortening, fractional area change, and the myocardial performance index ( Table 3 ). The area under the receiver operator curve for TAPSE was 0.75 to predict LVEF , 40%, and was 0.64 to predict an elevated LV dyssynchrony level .29%. A TAPSE cut-off ,1.3 cm had 76% sensitivity and specificity to predict low LVEF. LV dyssynchrony was 24.1 + 7.6% for patients with a TAPSE .1.3 cm, compared to 29.2 + 6.5% for those with a TAPSE , 1.3 cm (P ¼ 0.02). TAPSE was highest for those without dyssynchrony, and lowest for those with bi-ventricular dyssynchrony (Figure 2) . After nesiritide infusion, there was no significant acute change in TAPSE. Post-nesiritide measurements did show reduced bi-ventricular filling pressure, but no change in RV or LV ejection fraction or dyssynchrony.
Discussion
This study compared the utility of TAPSE with other traditional RV echocardiographic parameters to predict LV dyssynchrony in a cohort of heart failure patients with a wide spectrum of ventricular dyssynchrony severity. TAPSE correlated with invasive and echocardiographic measures of dyssynchrony and LV systolic function, respectively. TAPSE was the best performing RV echocardiographic predictor of LV dyssynchrony. RVEF and FACRV correlated fairly well with LV dyssynchrony, while there was no significant association for RV fractional shortening or the RV myocardial performance index. The association between TAPSE and LV dyssynchrony was significantly independent of RV and LV ejection fraction. Although nesiritide has acute effects in reducing preload and afterload, this vasodilator did not change RV or LV dyssynchrony. It is noteworthy that TAPSE was lowest for patients with bi-ventricular dyssynchrony, and highest for those without dyssynchrony. TAPSE may, therefore, give further quantitative insight into bi-ventricular dyssynchrony. Among the various other echocardiographic measures for the assessment of RV function, TAPSE is relatively easy to measure, and has less inter-observer variability.
RV function may be impaired either by primary right-sided heart disease, or secondary to left-sided cardiomyopathy or valvular heart disease. Historically, it was believed that the RV played only a minor role in maintenance of normal cardiac pump function. 16 Over the last several years, there has been an increasing recognition of the vital role played by the RV. Moreover, RV function has been shown to be a major determinant of clinical outcome. 10, 17 For example, patients with inferior MI who also have RV myocardial involvement have been demonstrated to be at increased risk of death, shock, and arrhythmias, the elevated risk being related to the presence of RV myocardial involvement itself rather than the extent of LV myocardial damage. 18 RV dysfunction may impair LV function by attenuating LV preload and adversely affecting the systolic and diastolic interaction via the intra-ventricular septum and the pericardium (ventricular interdependence). In patients with significant LV dysfunction, changes in RV function may be a sensitive indicator of changes in LV performance. Popescu et al. 19 confirmed the role of IVS motion in RV performance demonstrating that RV performance is dependent on LV septal contractile contributions transmitted through systolic ventricular interaction.
Several invasive and non-invasive techniques have been used for estimating RV function. The assessment of RV function is difficult because of its complex geometry, pronounced translational motions, and the relationship between intrinsic myocardial performance and RV loading conditions. Commonly used parameters for echocardiographic assessment of RV function include RV ejection fraction, 20, 21 RV fractional shortening, 22 FACRV, TAPSE, and the RV Tei (myocardial performance) index. 23, 24 In patients with moderate congestive heart failure, RV function as assessed by RV ejection fraction is an independent predictor of survival in patients with moderate heart failure. 25 There is evidence that TAPSE may reflect abnormal LV function. 26 The association between TAPSE and biventricular dyssynchrony has not been previously examined. We sought to assess the clinical diagnostic accuracy of TAPSE for ventricular dyssynchrony. In addition to investigating a possible clinical tool for detecting ventricular dyssynchrony, we sought to assess the physiologic mechanism of ventricular dyssynchrony. We compared the utility of TAPSE with other traditional RV echocardiographic parameters to predict LV dyssynchrony in a cohort of heart failure patients with a wide spectrum of ventricular dyssynchrony.
This study has several limitations. First, the sample size was small. The complex geometry of the RV does not lend itself to accurate assessment by two-dimensional echocardiography. One needs to be cautious about labelling TAPSE as normal if there is significant RV dyssynchrony, particularly in those settings where there might be apical dyskinesis. None of the patients in this study had moderate or severe RV apical dyskinesis.
In conclusion, we have shown that TAPSE is significantly reduced in patients with LV systolic dysfunction. TAPSE was lowest for those with bi-ventricular dyssynchrony, and highest for those without dyssynchrony. The association between TAPSE and LV dyssynchrony is independent of the RV and LV ejection fraction. Because of its ease of measurement and reproducibility, TAPSE may serve as a useful indicator of LV dyssynchrony. Further study of this relationship is warranted, particularly with comparison of newer imaging modalities for assessment of ventricular dyssynchrony as well as after CRT. 
